Regional cerebral pH (rpH) was measured in 12 patients with cerebral tumours and in 5 normal sub jects using continuous inhalation of llCOZ and positron emission tomography (PET). Cerebral tumours with a disrupted blood-brain barrier (BBB) on computed to mography scanning had a similar rpH to that of equiva lent regions of contralateral brain tissue (mean tumour rpH, 6,98; mean contralateral brain pH, 6.99). Cerebral tumours with an intact BBB were consistently found to be more alkaline than contralateral brain tissue (mean tu-
A number of reports have suggested that malig nant cells have raised levels of aerobic glycolysis (Warburg, 1956; Weber, [977; Weinhouse, 1982; Rhodes et aI. , 1983) . Such an increase in glycolysis should in theory lead to an increased production of lactic acid by tumours, and hence could lead to re duced levels of pH in neoplastic tissue (Griffiths et aI. , 1981) . A knowledge of tumour pH levels is of practical importance for two reasons: First, human glioma cells have been shown to be less sensitive to radiotherapy at lower pH values (R6ttinger and Mendouca, 1980) . Second, local tumour pH can in fluence the action of certain cytotoxic agents, adriamycin and nitrogen mustards, for example, being less effective at low tissue pH values (Ross, 1962; Born and Eicholtz-Wirth, 1981) .
To date the majority of studies on the pH of human tumours in vivo have been performed using mour rpH, 7.09). There was no significant difference be tween the mean rpH values obtained for peripheral cor tical gray and central white matter in normal subjects (7.02 and 6.98, respectively). It is concluded that in spite of reports of raised levels of aerobic glycolysis in neo plastic tissue, there is no evidence that cerebral tumour rpH values are depressed. Key Words: Brain tumours Cerebral pH-Continuous llCOz inhalation-Positron emission tomography.
microelectrodes. Such studies measure the intersti tial pH of neoplastic tissue and have suggested that tumours are more acidic than surrounding normal tissue (Pampus, 1963; Ashby, 1966; Van den Berg et aI., 1982; Thistlethwaite et aI. , 1985; Wike-Hooley et aI. , 1985) . The relationship between intra-and extracellular pH, however, is complex; and to date no microelectrode data on intraneuronal pH in humans have been reported.
The use of llC02 with positron emission tomog raphy (PET) for measuring regional cerebral pH (rpH) in human subjects was first advocated by Raichle et al. (1979) . CO2 is a weak acid with a pKa of 6.12. As llC02, but not [llC]bicarbonate ion, readily diffuses across intact blood-brain barrier (BBB) (Laux and Raichle, 1981) , regional cerebral llC activity following llC02 inhalation reflects the rpH of the intra-and extracellular cerebral com partments combined. A theoretical disadvantage of the llC02 approach is that fixation of IIC activity in the form of nonvolatile substrates can occur (Siesj6 and Thompson, 1965; Lockwood and Finn, 1982) . Buxton et al. (1984) have developed a three compartment model for measuring cerebral rpH using continuous llC02 inhalation and PET. Their approach minimizes the effect of IIC fixation on rpH measurements and enables the degree of IIC fixation to be directly estimated. In practice it has been shown that using continuous IIC02 inhalation, the rate constants describing IIC transfer from a "free" to a "fixed" cerebral compartment can be set at a negligible level without any significant falloff in the statistical accuracy of the fitted cere bralllC uptake curve (Brooks et ai. , 1984a) . Such a finding implies that neglect of IIC fixation when computing cerebral rpH values with the continuous IIC02 inhalation approach leads to negligible errors.
The purpose of this study was to measure the rpH of cerebral tumours, regions of perifocal tu mour oedema, and regions of contralateral brain tissue of patients with cerebral neoplasia and to compare such rpH values with those measured for normal controls. Tu mours were classified as having an intact or a disrupted BBB on the basis of their computed tomography ( C T) scan appearance fol lowing administration of intravenous contrast me dium. From these rpH measurements it was hoped to gain insight into tumour metabolism and to as sess the effect of BBB disruption on the IIC02 con tinuous inhalation approach to measuring rpH.
METHODS

Patient selection
Twelve patients with cerebral tumours were studied. Six of the tumours were enhancing and six were nonen hancing on the CT brain scan following administration of intravenous contrast medium. Cerebral tumour details are shown in Table 2 . Five normotensive normal controls, four men and one woman aged 30-43 years, were also studied. Informed consent was obtained from all subjects prior to PET scanning. Permission to perform these studies was granted by the Ethics Committee, Royal Postgraduate Medical School, Hammersmith Hospital, London, U.K. Permission to administer radioisotopes was granted by the Administration of Radioactive Sub stances Advisory Committee, U.K.
Scanning procedure
Using a cyclotron IlC02 was prepared via bombard ment of an 1 4 N2 target with a proton beam, as previously described (Clark and Buckingham, 1975) . A steady ac tivity of = 13 mCi ml-I gas was administered to the sub ject at a rate of 500 ml min -I via a standard disposable face mask while serial 60-s PET scans were carried out at a fixed axial tomographic level (Brooks et aI., 1984(1) . The PET scanner employed was an EG and G Ortec ECAT II scanner, the design and performance character istics of which have already been detailed (Phelps et aI., 1978; Williams et aI., 1979) . The full width at half-max imum resolution of such a scanner is 1.7 x 1.7 x 1.6 cm (Frackowiak et aI., 1980) . Subjects with cerebral tumours were scanned at the axial tomographic level of the tu mour as defined from the CT brain scan. Normal subjects J Cereb Blood Flow Metab, Vol. 6, No. 5, 1986 were scanned at an axial tomographic level 6.5 cm above the orbitomeatal line, enabling the rpH of their peripheral cortical gray matter and white matter in the centrum semiovale to be determined simultaneously. Final 60-s PET scans contained 200,000-250,000 coincident events. During PET scanning plasma llC activity was measured at 30-s intervals by withdrawing arterial blood samples through an indwelling 22-gauge Teflon radial artery can nula and centrifuging, as previously described (Brooks et aI., 1984(1) . PET scans were corrected for tissue attenua tion of 511 ke V -y-radiation using an external 68Ge ring source to measure such attenuation (Frackowiak et aI., 1980) .
Data analysis
Elliptical regions of interest sampling whole brain, con tralateral hemisphere, tumour, contralateral tumour mirror, and perifocal tumour oedema function were de fined by overlaying CT brain scan images on PET images of regional cerebral llC activity. Cortical and hemicor tical regions of interest were defined using a cortical plot technique as previously described (Brooks et aI., I984h) . Briefly contiguous ribbons of 1.5 x 0.75-cm rectangular regions of interest were arranged around the peripheral rim of high IlC activity evident in early IlC02 PET scans corresponding to cortical lIC uptake. These "cortical plots" were then stored and overlaid on successive PET images of regional llC activity. Central white matter function was sampled in normal subjects by placing four I-cm-radius circular regions of interest in separate re gions of the centrum semiovale and averaging the mea sured llC activity per pixel.
Arterial plasma and cerebral lIC uptake kinetics during continuous llC02 inhalation were analysed using a three compartment model (Fig. 1 ) or a two-compartment model without a "fixed" cerebral compartment. Rate constants describing regional cerebral IlC uptake were fitted with a modified version of the BLD FIXK routine designed by Dr. R. Carson (Department of Nuclear Medicine, Univer sity of California, Los Angeles, CA, U.S.A.) (Brooks et aI., 1984(1) . k l , the first-order rate constant for cerebral uptake of lIC02, and L, the IlC02 partition coefficient between plasma and brain (ktlk2), were fitted directly for individual regions of interest, enabling the standard errors in these parameters to be determined. In practice satisfactory fits for regional llC uptake were obtained when k3 and k 4 ' first-order rate constants representing the transfer of IlC between "free" and "fixed" cerebral compartments, were set at zero. rpH values were com puted using the following relationship (Buxton et aI., 1984) :
where pKa is the dissociation constant of CO2 (6.12), Three-compartment mode l used to fit regional cere bra l "c uptake kinetics during continuous 1'C02 inhalation .
FIG. 2.
A 60-s positron emission tomography scan at 7 cm ab ove the orbitomeatal line (OM + 7 cm) of regional cere bra l 11C uptake following 5 min of continuous 11C02 inha l a tion for a patient with a le ft parieta l me l anoma deposit .
L is the fitted regional partition coefficient for lIeo2 be tween plasma and brain (k/k2), and pHa is the arterial plasma pH. Figure 2 shows a 60-s PET scan of regional cere bral llC uptake performed after 5 min of continuous llCOZ inhalation for a patient with a metastatic mel anoma. The CT brain scan of the same subject is shown in Fig. 3 . At 5 min the distribution of llC activity in PET scans is largely flow determined (Brooks et aI. , 1984a) . The region of low llC uptake in the left parietal lobe seen in Fig. 2 corresponds primarily to the region of perifocal tumour oedema, a region where blood flow is known to be low (Lammertsma et aI. , 1985) . Figure 4 shows the fitted regional cerebral llC uptake curves for this subject using a two-compartment model and also the measured arterial plasma llC uptake curve. The rpH values estimated for the melanoma deposit and contralateral brain tissue were 6.99 and 6.95, re spectively.
RESULTS
Ta ble 1 details individual values of rpH for the five normal subjects. Regional k\ and L values are also shown, along with the standard errors in these fitted parameters. Whole-brain pH values ranged from 6. 97 to 7.06, cortical pH values from 6. 98 to 7.07, and white matter pH values from 6. 92 to 7. 05. Table 2 details scan appearance of the tumours, these patients were divided into intact and disrupted tumour BBB groups. Ta ble 3 gives the mean rpH values for the (mins) FIG. 4. Plasma and regional cerebra l 11C uptake curves during continuous 11C02 inha l ation for the patient whose scans are shown in Figs . 2 and 3 . Cerebra l 11C uptake curves are the fitted curves ob tained using a two-compartment model . Values are fitted values ± SE. k\, first order rate constant for cerebral uptake of llC02; L. llC02 partition coefficient between plasma and brain (k/k2).
two groups of tumour patients and the group of five normal controls. As a combined group the mean rpH of the 12 brain tumours (7.03) was not signifi cantly different from the mean rpH of equivalent regions of contralateral brain tissue (7.00) or from the mean rpH of normal whole brain (7.00). Inter estingly, however, while the mean rpH of the six tumours with a disrupted BBB was similar to that of equivalent regions of contralateral brain tissue (6.98 and 6.99, respectively), tumours with an in tact BBB were consistently more alkaline than equivalent regions of contralateral brain (mean nonenhancing tumour rpH, 7.09; mean contralat eral mirror brain rpH, 7. 01). The rpH values of re gions of perifocal tumour oedema were similar to those of normal brain tissue (mean oedema rpH, 6.98).
DISCUSSION
The finding of rpH values for brain tumours that were similar to or more alkaline than those for equivalent regions of contralateral brain tissue using IIC02 inhalation and PET is at variance with microelectrode studies where extracellular tumour pH has consistently been found to be more acid than that of surrounding normal tissue (Thistle  thwaite et aI., 1985; Wike-Hooley et aI., 1985) . It is, however, in agreement with the findings of Rotten berg et aI., (1985) , who studied the rpH of brain tumours in patients using [IIC]dimethyloxazolidine dione ([IlC]DMO) and PET. Like llC02, [11C]DMO is a weak acid with a pKa of 6.12. These workers found tumour pH values ranging from 6.88 to 7.26, while gray and white matter pH values ranged from 6.74 to 7.09 and 6.77 to 7.03, respectively. Both the (Brooks et aI., 1984a) . They are therefore more likely to reflect intracellular tumour metabolism than microelectrode studies. Tu mour pH values have also been studied using 31p surface coil nuclear magnetic resonance. This technique directly computes intracellular pH by measuring the frequency shift between intracellular inorganic phosphate and phosphocreatine reso nances (Moon and Richards, 1973) . Absolute pH values quoted for normal brain tissue have ranged from 7. 09 to 7.33 depending on the calibration curve adopted by the authors (Petroff et aI., 1985) . To date, however, tumour pH values measured using the 31p nuclear magnetic resonance approach have not differed significantly from pH values of normal tissue (Griffiths et aI., 1981; Koeze et aI., 1984; Ross et aI., 1984) .
The absence of depressed tumour rpH values when measured using PET and 31p nuclear mag netic resonance technique is of interest in view of the raised levels of aerobic glycolysis reported to be present in neoplastic tissue (Warburg, 1956; Weber, 1977; Weinhouse, 1982; Rhodes et aI., 1983) . It would appear that in practice the intracel lular constituents of neoplastic cells are able to buffer the effects of any increased lactic acid pro duction. This may not be the case, however, for the extracellular compartment of neoplastic tissue and might explain why reduced interstitial tumour pH values are found when measured using microelec trodes.
Models based on the use of l1C02 or [IlC]DMO and PET to measure cerebral rpH rely on the pres ence of an intact BBB. When this is disrupted, [llC]bicarbonate or [l1C]DMO -anions can cross from the plasma to the cerebral compartment; in theory this could cause an artefactual rise in mea sured rpH values (Brooks et aI., 1984a) . Rottenberg et al. (1985) calculated cerebral tumour rpH by esti-
Cortex rpH
White matter rpH 7.02 ± 0.03 6.98 ± 0.05 mating the equilibrium partItIOn coefficient for [1IC]DMO between plasma and tumour. These workers consistently found tumour tissue to be more alkaline than normal brain tissue, suggesting that influx of [IIC]DMO-anions from plasma into tumour tissue might be occurring. The IIC02 continuous inhalation approach does not require equilibration of llC02 between plasma and brain tissue to compute rpH (Buxton et aI., 1984) . As regional cerebral IIC02 uptake is essen tially flow limited, the use of a continuous inhala tion technique to measure rpH theoretically mini mizes leakage of [IlC]bicarbonate anions across a disrupted BBB. With this l1C02 approach we have found that cerebral tumours with a disrupted BBB have a mean rpH similar to that of contralateral brain tissue (6. 98 and 6.99, respectively). Such a finding suggests that in practice [11C]bicarbonate leakage across a disrupted BBB leads to insignifi cant artefactual rises in rpH when the continuous I IC02 inhalation method is employed. The group of gliomas with an intact BBB on CT scanning were found to be slightly but significantly more alkaline than equivalent regions of contralat eral brain tissue (mean rpH 7. 09 and 7.01, respec tively) using IIC02. It is likely that their relatively raised mean rpH reflects a lower rate of metabolism in these tumours than in normal brain tissue. Tu mours with an intact BBB will be less aggressive than tumours with a disrupted BBB, which have an rpH similar to that of normal brain tissue.
Two possible causes of an artefactual rise in non enhancing glioma rpH must also be considered, however. First llC02 could be more soluble in such gliomas than normal brain tissue. Such an increase in llC02 solubility would lead to an artefactual rise in tumour rpH (Buxton et aI., 1984) . CO2 is most soluble in the aquaeous phase of tissues (Siesj6 and Thompson, 1965) . If the aqueous volume of distri bution of nonenhancing gliomas was increased as compared with normal brain tissue such that the solubility of llC02 in these tumours was raised by 17%, an artefactual increase in mean tumour rpH from 7.01 to 7.09 would result. An increased solu bility of lIC02 in these nonenhancing tumours is unlikely to be responsible for their raised rpH, however, as tumours with a disrupted BBB would also be expected to have a raised lICOz solubility compared with normal brain tissue and to have a raised rpH. A second possible artefactual cause of the elevated mean rpH of the nonenhancing tumour group could be leakage of [IIClbicarbonate ions from plasma into these tumours. This is unlikely to have occurred as such a leakage would be more likely to affect the rpH of the enhancing tumour group, the mean rpH of which remained at normal levels.
It should be pointed out that in calculating cere bral rpH values using the lICOz approach, we have assumed that the extracellular compartment oc cupies a similar percentage of both tumour and normal brain volumes. At present we are unable to measure the size of the extracellular compartment using PET, though use of 76Br-could make this practical in the future. In normal brain tissue the extracellular compartment occupies � 20% of the total cerebral volume. It can be calculated that if tumours had double this size of cerebral extracel lular compartment, an artefactual increase in rpH of the order of 0.07 unit would result. Such a situa tion in tumours with an intact BBB would explain their raised rpH values; however, tumours with a disrupted BBB would also be expected to have an increased size of extracellular compartment and to be more alkaline if this were the true explanation of the raised rpH values of the first tumour group.
In this study regional cerebral blood volume was not measured and so we were unable to correct for the presence of intravascular I1C activity in cere bral regions of interest. The cerebral blood volume of normal brain tissue is roughly 4% of the brain volume. Failure to correct for intravascular IIC signal in whole-brain regions of interest leads to an overestimation of rpH by 0.05 unit (Brooks et aI., 1984a ). Tumour regional cerebral blood volume values can vary from 0.2 to 8% (Lammert sma et al., 1985) , and so neglect of intravascular IIC cor rection could produce theoretical errors in tumour rpH of up to 0.1 unit. While tumour regional cere bral blood volume values are highly variable, Lam mertsma et al. (1985) found no overall increase in mean tumour regional cerebral blood volume com pared with normal brain tissue. There is therefore no reason to suppose that failure to correct for in travascular IIC signal will lead to artefactual rises in mean tumour rpH.
It has also been assumed in this study that negli-J Cereb Blood Flow Metab. Vol. 6, No.5. 1986 gible fixation of IIC by plasma occurs during IIC02 inhalation. This is reasonable as cerebral IIC up take kinetics over 15 min of continuous l1COZ inha lation can be fitted satisfactorily using a two-com partment model where IlC fixation by both plasma and brain is neglected. It should be pointed out that any error in rpH that occurs by neglecting plasma IlC fixation will affect tumour and contralateral brain tissue regions of interest in a similar manner, and so the comparison of relative tumour and con tralateral tissue rpH values will remain valid.
In summary using the continuous IIC02 inhala tion approach and PET, we can find no evidence that the rpH of brain tumours is significantly de pressed. In designing cytotoxic agents for treating such tumours, it would therefore seem reasonable to assume that brain tumour pH values lie close to neutrality.
